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AB An enzyme 06-methylguanine-DNA methyltransf erase (MGMT) catalyzes 
transfer 

of a methyl group from 06-methylguanine and 04-methylthymine of alkylated 
DNA to its own molecule, thereby repairing the pre-mutagenic lesions in a 
single step reaction. Making use of gene targeting, we developed 
mouse embryonic stem (ES) cell lines deficient 

in the methyltransf erase . Quantitative immunoblot analysis and enzyme 
assay revealed that MGMT-/- cells, in which both alleles were disrupted, 
contained no methyltransf erase protein while cells with one intact allele 
(MGMT+/-) contained about half the amount of protein carried by the 
parental MGMT+/+ cells. MGMT-/- cells have an extremely high degree of 
sensitivity to simple alkylating agents, N-methyl-N 1 -nitro-N- 
nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea (MNU) , whereas MGMT+/- 
cells are slightly more sensitive to these agents, as compared with 
findings from normal cells. A high frequency of mutation was induced in 
MGMT-/- cells on exposure to a relatively low dose of MNNG. 
Electrophoretic analyses of the DNAs as well as fluorochrome staining of 
the cells revealed that MGMT-/- cells treated with MNNG undergo apoptotic 
death, which occurs after G2-M arrest in the second cycle of cell 
proliferation . 
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AB As the biomedical research community enters the post-genome era, studying 
gene expression patterns and phenotypes in model organisms will be an 
important part of analyzing the role of genes in human health and 

disease . 

New technologies involving DNA chips will improve the ability to evaluate 
the differential expression of a large number of genes simultaneously. 
Also, new approaches for generating mutations in mice will significantly 
decrease the cost and increase the rate of generating mutant lines that 
model human disease. Copyright 1998 Elsevier Science B.V. All rights 
reserved. 
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AB DNA repair status is recognized as an important determinant of the 
clinical efficacy of cancer chemotherapy. To assess the role that a 
mammalian DNA glycosylase plays in modulating the toxicity and 
clastogenicity of the chemotherapeutic DNA cross-linking alkylating 
agents, we compared the sensitivity of wild-type murine cells to that of 
isogenic cells bearing homozygous null mutations in the 3-methyladenine 
DNA glycosylase gene (Aag) . We show that Aag protects against the toxic 
and clastogenic effects of 1 , 3-bis (2-chloroethyl ) -1-nitrosourea and 
mitomycin C (MMC) , as measured by cell killing, sister chromatid 

exchange, 

and chromosome aberrations. This protection is accompanied by suppression 
of apoptosis and a slightly reduced p53 response. Our results identify 
3-methyladenine DNA glycosylase-initiated base excision repair as a 
potentially important determinant of the clinical efficacy and, possibly, 
the carcinogenicity of these widely used chemotherapeutic agents. 
However, 

Aag does not contribute significantly to protection against the toxic and 
clastogenic effects of several chemotherapeutic nitrogen mustards 
(namely, 

mechlorethamine, melphalan, and chlorambucil) , at least in the 
mouse embryonic stem cells used here. We also 

compare the Aag null phenotype with the Fanconi anemia phenotype, a human 
disorder characterized by cellular hypersensitivity to DNA cross-linking 
agents, including MMC. Although Aag null cells are sensitive to 
MMC-induced growth delay and cell cycle arrest, their sensitivity is 
modest compared to that of Fanconi anemia cells. 
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AB Metallothioneins (MTs) are major intracellular, zinc-binding proteins 
with 

antioxidant properties. Mouse embryonic cells 

null for MT due to loss of functional MT I and II genes (MT-/-) were more 
susceptible to apoptotic death after exposure to tert-butyl hydroperoxide 
or the ant i -cancer agents cytosine arabinoside, bleomycin, 
melphalan, and cis-dichlorodiammineplatinum ( II ) compared with 
wild- type mouse embryonic cells (MT+/+) . We 

measured basal levels of the tumor suppressor protein p53 and the death 
effector protein Bax and found the basal levels of both proteins were 
higher in MT null cells compared with MT+/+ cells. After treatment with 
the DNA-damaging agent cis-dichlorodiammineplatinum { II ) , p53 protein 
levels were induced in both MT+/+ and MT-/- cells with MT null cells 
always maintaining the highest p53 levels. The elevated sensitivity to 
apoptosis was not restricted to embryonic cells . Primary pulmonary 
fibroblasts were isolated from distinct litters of MT null, heterozygous, 
and wild-type mice, and all had undetectable basal MT levels. Zinc 
exposure increased MT levels in the wild-type and heterozygous 
fibroblasts 

but not in the MT null fibroblasts. Consistent with the induced MT 
levels, 

we found MT+/ + and MT+/- embryonic cells were less sensitive to 
cis-dichlorodiammineplatinum (II ) -induced apoptosis compared with MT-/- 
cells . Our results implicate MT as a stress-responsive factor that can 
regulate apoptotic engagement. 
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AB It is generally accepted that DT-diaphorase is primarily involved in the 
detoxification of quinone compounds and is capable of metabolically 
activating some cancer chemotherapeutic quinones including 
mitomycin C. However, these conclusions have mainly been 

drawn from the experiments using the DT-diaphorase inhibitor, dicoumarol. 
To understand directly the roles of this enzyme in quinone metabolism, we 
have established heterozygously and homozygously DT-diaphorase-targeted 
mutant embryonic stem (ES) cells by homologous recombination. 
Cytotoxicity 

experiments using these cells clearly demonstrated that DT-diaphorase 

acts 

as an activator of mitomycin C in ES cells. These 

mutant cell lines seem to be very useful for investigating the functions 
of DT-diaphorase including the bioactivation and detoxification of 
quinone 

species. The generation of a DT-diaphorase-targeted mouse is under 
investigation . 
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AB In the present study, we show that treatment of wild- type (p53+/+) 
mouse embryonic fibroblast (MEF) cells with a 

DNA-alkylating agent, N-methyl-N ' -nitro-N-nitro-soguanidine (MNNG) , 
resulted in increased levels of adenomatous polyposis coli (APC) mRNA 
compared to p53 gene-knocked out (p53-/-) MEF cells, indicating that p53 
is required for APC expression after alkylation damage. By using HCT-116 
colon cancer cells (containing wild-type p53 gene) or p53-/- MEF cells 
transfected with a pCMV-p53 overexpression plasmid [p53-/- (CMV-p53 ) ] , we 
show that p53 is a labile factor for APC gene expression, and that 
pre treating HCT-116 cells with a protein synthesis inhibitor, 
cycloheximide (CHX) , inhibited MNNG-induced APC mRNA levels by inhibiting 
p53 protein synthesis. The effect of CHX on p53 protein synthesis was 
reversible, as the withdrawal of CHX permitted p53 protein synthesis to 
resume with a concomitant increase in APC mRNA levels after MNNG 
treatment. To examine whether p53 regulates APC gene expression at the 
transcriptional level, we treated HCT-116 or p53-/- (CMV-p53 ) MEF cells 
with 5, 6-dichloro-l-beta-D-ribofuranosylbenzamidazole (DRB; a 
transcriptional inhibitor), before the MNNG treatment. Although treatment 
of cells with DRB resulted in increased p53 protein levels, that the APC 
mRNA levels were decreased suggests that p53 may enhance APC gene 
expression upstream of the transcriptional machinery where DRB interacts. 
That the withdrawal of DRB, and subsequent MNNG treatment, increased the 
level of APC mRNA indicated that the binding of DRB to the 
transcriptional 

machinery was reversible. 
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AB An enzyme 06-methylguanine-DNA methyltransf erase (MGMT) catalyzes 
transfer 

of a methyl group from OS-methylguanine and 04-methyi thymine of alkylated 
DNA to its own molecule, thereby repairing the pre-mutagenic lesions in a 
single step reaction. Making use of gene targeting, we developed 
mouse embryonic stem (ES) cell lines deficient 

in the methyltransf erase . Quantitative immunoblot analysis and enzyme 
assay revealed that MGMT-/- cells, in which both alleles were disrupted, 
contained no methyltransf erase protein while cells with one intact allele 
(MGMT+/-) contained about half the amount of protein carried by the 
parental MGMT+/+ cells. MGMT-/- cells have an extremely high degree of 
sensitivity to simple alkylating agents, N-methyl- 
N 1 -nitro-N-nitrosoguanidine (MNNG) 

and N-methyl-N-nitrosourea (MNU) , whereas MGMT+/- cells are slightly more 
sensitive to these agents, as compared with findings from normal cells. A 
high frequency of mutation was induced in MGMT-/- cells on exposure to a 
relatively low dose of MNNG. Electrophoretic analyses of the DNAs as well 
as fluorochrome staining of the cells revealed that MGMT-/- cells treated 
with MNNG undergo apoptotic death, which occurs after G2-M arrest in the 
second cycle of cell proliferation. 
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AB Nucleotide excision repair (NER) is a fundamental process required for 

maintaining the integrity of the genome in cells exposed to environmental 
DNA damage. Humans defective in NER suffer from the hereditary 
cancer-prone disease xeroderma pigmentosum. In order to model this 

disease 

in mice a mutation in the mouse XPC gene was generated and used to 
replace 

a wild-type XPC allele in mouse embryonic stem 

cells by homologous recombination. These cells were used to derive 

XPC mutant mice. Fibroblasts from mutant embryos were more sensitive to 

the cytotoxic effects of ultraviolet light than 

wild-type and heterozygous cells. Repair synthesis of DNA following 
irradiation with ultraviolet light was reduced in 

these cells, indicating a defect in NER. Additionally, XPC mutant embryo 
fibroblasts were specifically defective in the removal of pyrimidine 

(6-4) 

pyrimidone photoproducts from the non-transcribed strand of the 
transcriptionally active p53 gene. Mice defective in the XPC gene appear 
to be an excellent model for studying the role of NER and its interaction 
with other proteins in the molecular pathogenesis of cancer in mammals 
following exposure to environmental carcinogens. 
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AB Expression of the mammalian photoproduct-specif ic DNA-binding protein XPA 
has been quantified by competitive reverse transcription-polymerase chain 
reaction, a method that provides relative numbers of mRNA molecules per 
cell. Human primary and simian virus (SV) 40-transf ormed fibroblasts had 
4.8 and 8.4 transcripts per cell, respectively; mouse 
embryonic and SV40-transf ormed fibroblasts had 6.7 and 5.5 
transcripts per cell, respectively. None of these differences are 
significant, and the mean value of 5 to 8 transcripts per cell indicates 
that XPA is expressed as a low-abundance mRNA. Two cell lines transfected 
with XPA on a conditional promoter showed different numbers of XPA mRNA 
molecules, consistent with their respective responses to an inducer and 
their sensitivity to ultraviolet light. The similarity 
of results in human and mouse cells shows that a difference in XPA 
expression cannot account for the greater repair of nontranscribed DNA in 
human cells . 
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AB Deletion complexes consisting of multiple chromosomal deletions induced 
at 

single loci can provide a means for functional analysis of regions 
spanning several centimorgans in model genetic systems. A strategy to 
identify and map deletions at any cloned locus in the mouse is described 
here. First, a highly polymorphic, germ-line competent Fl ( 129/Sv-+Tyr+p x 
CAST/Ei) mouse embryonic stem cell line was 
established. Then, x-ray and UV-induced mutagenesis 
was performed to determine the feasibility of generating deletion 
complexes throughout the mouse genome. Reported here are the selection 
protocols, induced mutation frequencies, cytogenetic and extensive 
molecular analysis of mutations at the X-chromosome-linked hypoxanthine 
phosphoribosyltransf erase (Hprt) locus and at the neural cell adhesion 
molecule (Ncam) locus located on chromosome 9. Mutation analysis with 
PCR-based polymorphic microsatellite markers revealed deletions of <3 cM 
at the Hprt locus, whereas results consistent with deletions covering >28 
cM were observed at the Ncam locus. Fluorescence in situ hybridization 
with a chromosome 9 paint revealed that some of the Ncam deletions were 
accompanied by complex chromosome rearrangements. In addition, deletion 
mapping in combination with loss of heterozygosity of microsatellite 
markers revealed a putative haploinsuf f icient region distal to Ncam. 

These 

data indicate that it is feasible to generate x-ray 
-induced deletion complexes in mouse embryonic stem 
cells . 
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AB As the genetic and physical mapping stage of the Human Genome Project 
nears completion, the focus is shifting toward the development of 
technologies for high-throughput analysis of gene function. Whereas DNA 
sequencing will enable the assignment of presumed function to a large 
number of genes in mice and humans, it is clear that the great majority 

of 

genes will have to be evaluated in vivo to accurately assess their role 

in 

a complex organism. While gene targeting in mouse 
embryonic stem (ES) cells is the current method of 

choice for the characterization of gene function in mice, it remains 
relatively labor intensive and lacks the throughput required for analysis 
of genome function on a large scale. Alternative methods of efficient 
mutagenesis will clearly be required for this task. Chromosomal deletions 
are powerful tools in the genetic analysis of complex genomes, enabling 
the systematic identification and localization of functional units along 
defined chromosomal regions. Not only are deletions useful for the 
identification of genetic functions, but they serve as mapping reagents 
for existing mutations or traits. While their use has been an essential 
tool in Drosophila genetics, classical mutagenesis in mice has been 
logistically impractical for generating deletions. We have previously 
described an efficient method for generating radiation-induced 
deletion complexes at defined regions in the genome using ES cells. In 
this article, we detail the methodological aspects of this technology and 
describe the applications of chromosomal deletions for characterizing 

gene 

function in ways that make optimal use of the information generated by 

the 

first stage of the Genome Project. Copyright 1997 Academic Press. 
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The breast and ovarian cancer susceptibility gene BRCA1 encodes a zinc 
finger protein of unknown function. Association of the BRCA1 protein with 
the DNA repair protein RadSl and changes in the phosphorylation and 
cellular localization of the protein after exposure to DNA-damaging 
agents 

are consistent with a role for BRCA1 in DNA repair. Here, it is shown 

that 

mouse embryonic stem cells deficient in BRCA1 

are defective in the ability to carry out transcription-coupled repair of 
oxidative DNA damage, and are hypersensitive to ionizing radiation 
and hydrogen peroxide. These results suggest that BRCA1 participates, 
directly or indirectly, in transcription-coupled repair of oxidative DNA 
damage . 
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AB Gene targeting is a very powerful tool for studying mammalian development 
and physiology and for creating models of human diseases. In many 
instances, however, it is desirable to study different modifications of a 
target gene, but this is limited by the generally low frequency of 
homologous recombination in mammalian cells. We have developed a novel 
gene-targeting strategy in mouse embryonic stem 
cells that is based on the induction of endogenous gap repair 
processes at a defined location within the genome by induction of a 
double-strand break (DSB) in the gene to be mutated. 

This strategy was used to knock in an NH2-ezrin mutant in the villin 

gene, 

which encodes an actin-binding protein expressed in the brush border of 
the intestine and the kidney. To induce the DSB, an I-Scel yeast 
meganuclease restriction site was first introduced by gene targeting to 
the villin gene, followed by transient expression of I-Scel . The repair 

of 

the ensuing DSB was achieved with high efficiency (6 x 10 [-6]) by a 
repair 

shuttle vector sharing only a 2.8-kb region of homology with the villin 
gene and no negative selection marker. Compared to conventional 
gene-targeting experiments at the villin locus, this represents a 
100-fold 

stimulation of gene-targeting frequency, notwithstanding a much lower 
length of homology. This strategy will be very helpful in facilitating 

the 

targeted introduction of several types of mutations within a gene of 
interest . 
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AB We have created an insertional mutation that leads to a severe 

defect in the pattern of limb formation in the developing mouse. The 

novel 

recessive mutation is phenotypically identical and 

non-complementary to two previously encountered limb deformity mutations, 
and is closely linked to a dominant mutation that gives rise to 
a related limb dysmorphism. The inserted element thus provides a 
molecular 

genetic link with the control of pattern formation in the mammalian 
embryo . 
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AB Molecular characterization of mutations in the mouse, particularly those 
involving agent-induced major structural alterations, is proving to be 
useful for correlating the structure and expression of individual genes 
with their function in the whole organism. Here we present the 
characterization of a radiation-induced mutation that 

simultaneously generated distinct alleles of both the limb deformity (Id) 
and agouti (a) loci, two developmentally important regions of chromosome 

2 

normally separated by 20 centimorgans . Cytogenetic analysis revealed that 
an interstitial segment of chromosome 17 (17B- 17C; or, possibly, 
17A2-17B) had been translocated into the distal end of chromosome 2, 
resulting in a smaller-than-normal chromosome 17 (designated 17del) and a 
larger form of chromosome 2 {designated 2(17). Additionally, a large 
interstitial segment of the 2(17) chromosome, immediately adjacent and 
proximal to the insertion site, did not match bands 2E4-2H1 at 
corresponding positions on a normal chromosome 2. Molecular analysis 
detected a DNA rearrangement in which a portion of the Id locus was 
joined 

to sequences normally tightly linked to the a locus. This result, along 
with the genetic and cytogenetic data, suggests that the alleles of Id 

and 

a in this radiation-induced mutation, designated ldln2 and 

ajln2, were associated with DNA breaks caused by an inversion of an 

interstitial segment in the 2(17) chromosome. 
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AB Molecular characterization of a radiation-induced agouti (a) -locus 
mutation has resulted in the isolation of a segment of DNA that 
maps at or near the a locus on chromosome 2 in the mouse. This region of 
DNA is deleted in several radiation- or chemical-induced 

homo zygous-le thai 

a-locus mutations and is associated with specific DNA structural 
alterations in two viable a-locus mutations. We propose that DNA probes 
from this region of chromosome 2 will be useful for ultimately 
characterizing the individual gene or genes associated with a-locus 
function. 
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AB We have identified and characterized the phenotype of a new insertional 
mutation in one line of transgenic mice. Mice carrying this 
mutation, which we have designated TgN ( Imusd) 37 0-Rpw, display 
undulations of the vertebrae giving rise to a novel kinky-tail phenotype. 
Molecular characterization of the insertion site indicates that the 
transgene integration has occurred without any substantial alterations in 
the structure of the host sequences. Using probes that flank the 

insertion 

site, we have mapped the mutation to chromosome 5 near the 
semidominant mutation, thick tail (Tht) . Thick tail does not 
complement the TgN { Imusd) 370Rpw mutation; compound mutants 
containing one copy of each mutation display a more severe 
phenotype than either mutation individually. 
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AB We have identified a new insertional mutation in the mouse 

(TgN737Rpw) that causes a phenotype that closely resembles human 
autosomal 

recessive polycystic kidney disease. The renal pathology in these mutants 
first presents itself as a dilation of the proximal tubules, which is 
quickly followed by the development of cystic lesions in the collecting 
ducts. The livers in the mutant animals develop a variable lesion 
depending upon the genetic background. We have cloned the mutant locus 

and 

have isolated and characterized a gene, Tg737, whose expression is 
disrupted in the mutant animals. Expression of the Tg737 gene can 
normally 

be detected using the Northern blot analysis at low levels in a variety 

of 

tissues, including the kidney and liver. Using the in situ hybridization 
procedure, expression of the Tg737 mRNA can be detected in the collecting 
ducts of adult kidneys and in portions of the embryonic day 15.5 kidney. 
Most important, we have corrected the defective kidney trait by 
expressing 

the wild-type cDNA as a transgene in the mutant animals. The human 
homologue of the Tg737 gene has also been cloned and mapped to human 
chromosome 13. 
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AB Numerous mouse models of polycystic kidney disease (PKD) 1 



described. All of these diseases are transmitted as single recessive 
traits and in most, the phenotypic severity is influenced by the genetic 
background. However, based on their genetic map positions, none of these 
loci appears to be allelic and none are candidate modifier loci for any 
other mouse PKD mutation. Previously, we have described the 
mouse bpk mutation, a model that closely resembles human 

autosomal recessive polycystic kidney disease. We now report that the bpk 
mutation maps to a 1 . 6 CM interval on mouse Chromosome 10, and 
that the renal cystic disease severity in our intersubspecif ic intercross 
progeny is influenced by the genetic background. Interestingly, bpk 
co-localizes with jcpk, a phenotypically-distinct PKD mutation, 
and complementation testing indicates that the bpk and jcpk 
mutations are allelic. These data imply that distinct PKD 
phenotypes can result from different mutations within a single 
gene. In addition, based on its map position, the bpk locus is a 
candidate 

genetic modifier for jck, a third phenotypically-distinct PKD 
mutation . 
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AB The stem-cell test is a novel assay for teratogenic potential which uses 

a 

propagated cell line. Mouse embryonic stem 

cells (ESC) are maintained in an undifferentiated state in the 
presence of leukemia inhibitory factor (LIF) . On removing LIF, the cells 
differentiate into an embryonic endoderm that is morphol . distinct from 
ESC. Colonies of ESC are maintained from which cells can be harvested 
daily, and these cells, when washed free of LIF, form a population of 
differentiating cells on which the effects of chems . can be tested. The 
conditions under which differentiating ESC can be substituted for rat 
primary embryonic cells in a micromass test protocol have been detd., and 
the effects of 25 compds . investigated in a blind trial. The stem-cell 
test predicted the teratogenicity of these compds. with a similar 
sensitivity and specificity to the micromass test, with the advantage 

that 

the test uses a propagated cell line; there is no use of animals. 
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AB The stem-cell test is a novel assay for teratogenic potential which uses 

a 

propagated cell line. Mouse embryonic stem 

cells (ESC) are maintained in an undifferentiated state in the 
presence of leukemia inhibitory factor (LIF) . On removing LIF, the cells 
differentiate into an embryonic endoderm that is morphol. distinct from 
ESC Colonies of ESC are maintained from which cells can be harvested 
daily, and these cells, when washed free of LIF, form a population of 
differentiating cells on which the effects of chems . can be tested. The 
conditions under which differentiating ESC can be substituted for rat 
primary embryonic cells in a micromass test protocol have been detd., and 
the effects of 25 compds. investigated in a blind trial. The stem-cell 
test predicted the teratogenicity of these compds. with a similar 
sensitivity and specificity to the micromass test, with the advantage 



that 



the test uses a propagated cell line; there is no use of animals 



